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Abstract. For evaluating damages of structural concrete by alkali silica reaction (ASR), an 
analytical platform to rationally deal with the complex interaction of multi-scale chemo-
physics events is being developed. For experimental verification of the predictive model 
proposed, ASR expansion tests under several magnitudes of confinement are conducted and 
the results are compared with the multi-scale simulation. It is experimentally found that the 
highly deviatoric compression may bring about isotropically confined ASR expansion. The 
poro-mechanics based multi-phase modeling can simulate this nonlinearity by considering the 
quasi-hydro static pressure of created ASR gels in concrete composites and its injection into 
the micro-pores. The investigated models are used for assessing the fatigue lives of RC bridge 
decks. It is shown that fatigue life can be longer with the ASR-induced expansions.
1 INTRODUCTION
ASR is one of the major deteriorations of concrete and has been intensively studied in the 
past decades [1-5], but practical methods to simulate structural performances of ASR 
deteriorated concrete are under investigation owing to its complexity of solid concrete and 
ASR gel’s kinematics inside pores. For instance, Saouma [6] is developing FEM models for 
alkali aggregate reactions with considering micro chemical reactions and trying to apply the 
models to structural scale. Meanwhile, the authors are developing multi-scale chemo-hygral 
computational system, DuCOM-COM3 [7], which can conduct 3D multi-scale analysis of 
structural concrete.  Recently, based on the above background, the authors have been 
developing a model for ASR reaction and its mechanistic actions accompanying multi-
directional cracking based upon Biot’s solid-liquid two-phase interaction model [8,9] and 
non-orthogonal crack-to-crack interaction modelling [10]. The gel product is thought to be an 
agent to migrate inside micro pores and cracks, and the concrete constitutive law of sparse 
cracking is integrated with the motion of ASR gels [11]. ASR expansion tests under several 
grades of confinement are reported in this study and their results are used for experimental 
verification of the ASR modeling proposed for structural concrete. Then, the verified model is 
used for the fatigue life assessment of reinforced concrete (RC) bridge decks as well.
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2 ASR-INDUCED EXPANSION AND EFFECTS OF UNIAXIAL CONFINEMENT
2.1 Models for ASR expansion 
The proposed ASR-induced expansion model is built on the basis of poro-mechanics [12],
which has been used in geotechnical engineering applications such as consolidation and 
liquefaction of soil foundation. The ASR-gel is treated as the medium existing among crack 
spaces and micro-voids. Figure 1 shows the modeling of the ASR expansion and stress 
distribution formations. Based on the chemical equations for ASR, the rate of ASR is 
formulated as a function of alkali concentration, free water amount and reactive aggregate 
amount (Eq. (c)). The coefficient of reaction rate k is set to 0.1×10-7 on the basis of the results 
of sensitivity analysis, and the effects of relative humidity (RH) and temperature are also 
considered in Eq. (d) and Eq. (e). The generated ASR-gel volume is calculated by assuming 
X2Si2O5(H2O)8.4 as the ASR gel molecular formula for each alkali, X (X is Na or K)[13]; the 
consumed alkali amount and water amount are also calculated. It is important that the 
amounts of water and alkali considered when calculating the reaction rate as well as the 
amounts consumed are treated as global variables between the thermodynamic analytical 
system, DuCOM, and the 3D mesoscale structural analytical system, COM3. In DuCOM, the 
multi-ionic approach developed by Elakneswaran et al. [14,15] is used to compute the mass 
balances of sodium and potassium. Strong coupling between the material properties and the 
mechanical phenomena is achieved. 
Figure 1: Chemical and Physical models for ASR
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On the basis of the generated gel volume, stress formation can be calculated. However, not 
all created gels can be contribute to the stress formations. Some of the gel is absorbed to the 
capillary pores [16] and the amounts of absorbed gel can be calculated by eq. (j), which is the 
function of the gel pressure. Rest gels can be contribute to the stress formations. Regarding 
the stress calculations, we consider the semiliquid behaviors of the ASR-gels. In order to 
express the solid-liquid coexisting states, parameter β is introduced, which is the ratio of the 
solid phase to total ASR-gel. In the case of certain stress conditions, the solidified part of 
produced ASR-gel can expand uniformly even under anisotropic pressure distribution (Eq. (l)), 
while the liquid part expands without shear rigidity under isotropic pressure (Eq. (m)). The 
total pressure can be computed as the sum of those pressure components (Eq. (k)). Parameter 
β is assumed to be 0.2 for the first simple assumption with sensitivity analysis.
2.2 Uniaxial Restraint Tests 
With the proposed model, simulations of uniaxial confinement tests are conducted. 
Experiments conducted by one of the authors [16] are referred here. Prism specimens are cast 
with reactive gravels, and steel bars are arranged in the longitudinal direction under several 
levels of steel ratios. Table 1 shows the mix proportions and experimental conditions of the 
experiment. The reactivity of fine aggregates was not identified by the preliminary test.
Table 1: Exprimental condition for uniaxial test
W/C
[%]
W
[kg/m3]
C
[kg/m3]
S
[kg/m3]
G[kg/m3]
(reactive)
Na2Oeq
[kg/m3]
45 169 376 775 925 8.0
Specimen size Curing condition Steel ratio [%]
100*100*400mm 1day sealing 40°C RH100% 0.0, 0.7, 1.5
The results of length changes in the longitudinal direction in both experiments and 
analyses are shown in Figure 2. In the analyses, the proposed model can express drastic 
decreases in the length change with increasing steel ratio. The proposed models can reproduce 
the overall trends concerning the effects of confinement by steel. 
Figure 2: Chemical and Physical models for ASR
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Based on the above verification, to grasp the anisotropic behaviors clearly, test with 
additional stress was newly conducted in this study. General conditions are shown in Table 2. 
Prism specimens were made with the aggregate which is reactive with alkali and additional 
sodium hydroxide was applied to accelerate ASR. After 28days sealed curing, specimens 
were subjected to three levels of confinements. The first is free expansion case, the second is 
the one with restraint by a φ13mm PC bar, and the last is the case with 6.2 MPa of additional 
stress by pre-stressing. After inducing these confinements, specimens were stored inside the 
ASR-activated environments, i.e., the temperature is kept constant at 40°C and the specimens 
were wrapped by wet clothes in order to supply enough water which may be consumed 
through ASR. Under these conditions, strains on the surfaces of the specimens and weight 
change were measured periodically. By using a contact-type strain gauge with chip targets 
attached on the specimens, space averaged strain were measured in both longitudinal and
vertical directions (Figure 3).
Figure 4 shows the weight changes of the specimens. The results of three specimens are 
almost the same. It means that the water adsorption from wet clothes mostly coincides with 
each other. The degrees of ASR and the corresponding moisture states are thought to be 
similar among these cases. 
Table 2: Exprimental condition for uniaxial and additional stress test
W/C
[%]
W
[kg/m3]
C
[kg/m3]
S
[kg/m3]
G[kg/m3]
(reactive)
Na2Oeq
[kg/m3]
55 170 309 835 983 6.1
Specimen size Curing condition Stress condition
100*100*400mm 28day sealing 40°C with wet cloths
free, restrained,
additional stress
Figure 3: Dimensions of Specimens
Figure 4: Weight change of specimens
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Figure 5 shows the development of the strains in both longitudinal and vertical directions. 
The isotropic free expansion case indicates approximately 800µ by volume. With the restraint 
by the steel bar, significant anisotropy in expansion was observed (Figure 4 (b)). The absolute 
expansion is smaller than that of the free case in the longitudinal direction, while it is larger 
than the free case in the vertical direction. It is due to the confinement by the steel bar and 
such a behavior is well-known as anisotropic effect caused by liquidity of ASR gel.  
The response of the case with additional compressive stresses (Figure 4 (c)) differs from 
the simple confinement case. Not only in the longitudinal direction but also in the vertical one, 
the expansion is considerably decreased in comparison with other cases. This fact cannot be 
simply explained only by the change of the ASR-gel movement directions. It appears that 
some of the generated ASR-gel is not obviously active but firmly fixed on the aggregates’ 
surfaces. The gel adsorption into the pores of concrete mixture leads to less expansion in such 
a large stress conditions. This high anisotropy of deformation is similar to that of the 
expansive cement concrete. 
Figure 6 shows the analytical results which simulate the uniaxial restraint experiments. 
Reactivity of aggregate or physical properties of ASR-gel cannot be identified precisely only 
by the reference. Then, those variables are inversely determined by sensitivity analyses using 
the experimental data for the free expansion case. With these parameters, the authors checked 
the material responses under the confinement cases. 
For the case with additional stress, the analysis successfully reproduces the expansion 
behavior in both longitudinal and transverse directions. Without modeling the gel absorption 
in consideration of the gel pressure (Eq. (j) in Figure 1), such like behaviors cannot be 
computationally reproduced. Focusing on the amount of gel absorption in the computation 
(Figure 7), the absorbed amount at day 120 is about 25% larger in the additional stress case 
than the free one. Such difference in adsorbed amount can create the significant behavioral
change in expansion. It is confirmed that the analytical model of pressure dependency of gel 
absorption is needed for ASR-induced expansions. 
Figure 5: Measured expansions in each confinement conditions
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 Figure 6: Calculated expansions in each confinement conditions
Figure 7: Gel absorption into capillary pores in calculations
For the case with simple confinement by the steel rod, the anisotropic expansion is not well 
simulated ((b) in Figs. 5 & 6), while such like anisotropy in uniaxial confinement experiments 
could be reproduced with current models in the past research by Takahashi et al. [11]. The 
difference of the past and this paper is the final expansion amount of free cases; 3500µ in the 
past research and 800µ in this research. Further research on the gel properties focusing on 
such a moderate ASR expansion cases seems to be needed.
2.3 Constant Expansion Energy Law – empirical formula - 
Some researchers proposed that constant expansion energy law for the expansive cement 
concrete can be used also for ASR-induced concrete [17] because of their high similarity. In 
this study, a small discussion is added to the proposition from the analytical point of view.
Assuming that concrete longitudinal strain and steel strain are the same under the uniaxial 
confinement conditions, constant expansion energy law can be derived from the stress-strain 
relationships (Eq. (1)) and the equation for expansion energy (Eq. (2)) as,
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σcp= p･Es･εsp= p･Es･εcp (1)
U= σcp･εcp/2 (2) 
where, σcp is the chemical pre-stress [N/mm2], p is steel ratio, Es is young’s modulus of steel 
[N/mm2], εsp is the tensile strain of steel, εcp is the expansion strain of concrete, U is the 
expansion energy [N/mm2]. From these equations, expansion strain εcp can be formulated as a
function of steel ratio as: 
5.02 −⋅=ε p
E
U
s
cp (3) 
The expansion energy U as a materical characteristic value may differ from various 
material conditions, such as the amount of expansion agent, reacitivity of aggregate or amount 
of alkali. However, as an example, the values for U were determined as 1.47*103 [N/mm2] for 
the expansive cement concrete, and 2.41*103 for concrete with ASR expansion, using specific 
experimental results in the previous study [17].
Such relations of the confined strain and the steel ratio by volume are plotted by simulating 
expansions under the uniaxial confinement with varying steel ratios. Analytical conditions 
other than steel ratios are the same as the conditions as shown in Table 1. Figure 8 shows the 
results of the simulations. In the figure, calculated strains with Eq. (3) under those U values 
are also plotted for the comparison.
Results with proposed analytical system fairly match with the results derived from the 
constant expansion energy law in the range of over 0.5% of steel ratio. It is shown that the 
proposed computational model can simulate the effects of steel ratio on ASR expansion 
properly and in the simple confinement conditions, constant expansion energy law seems to 
be empirically applicable for ASR expansion as well. This simple raw has a shortage for very 
less steel ratio and the computed expansion for zero confinement (free expansion) is 
calculated to be infinite. Then, the poro-mechanics based model can reasonably cover the 
whole range of steel ratio.  
Figure 8: Strain - steel ratio relationships
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3 FATIGUE LIFE ASSESMENT OF BRIDGE DECK
In this section, the proposed models are applied to the structural scale. In the previous 
study, applicability of the model for the beam shaped members was already shown [11]. In 
this study, the analytical system is tried to be used for the assessment of the fatigue lives of 
the reinforced concrete bridge deck slabs.
Target shape of RC slab and its analytical dimension are shown in Figure 9. Taking 
advantage of symmetry, only halves of the slabs are modelled. With this dimensions of RC 
slab, for non-ASR case, fatigue behavior with wheel type moving load are already studied and 
the accuracy of the analytical system was verified by Hiratsuka et al. [18]. So, with this RC 
slab, we can discuss the effect of ASR expansion on the fatigue life by comparing the 
behaviors during with and without ASR expansion. 
In the simulations, moving loads of 16kN are applied with 3km/h of speed along the 
longitudinal directions at the center of the slabs and the tire/ground friction area is 300 mm 
wide and 450 mm long. For the ASR case, 300µ of free ASR expansion was induced in 130 
days before the loading step. As a result, expansions are about 1200µ in the transverse vertical 
direction and about 200µ in the in-plane horizontal direction due to the confinement by the 
dispersed reinforcing bars.  
(c) Moving load test setup
Figure 9: simulated RC bridge slab [18] 
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(c) Damage profile of concrete and enlarged deformation
Figure 10: Results of moving load fatigue simulation
Figure 10 (a) shows the total mid-span deflections along cyclic moving loads and Figure 
10 (b) is the live load deflection extracted from Figure10 (a). It can be seen that the fatigue 
life in the ASR case seems to be longer than no-ASR case despite ASR expansions and 
deteriorations (large number of multi-directional cracking induced) have occurred in the slab.
One of the causes of the life extension with ASR may attribute to the chemical pre-stressing.
Regarding the live load deflection, the initial value is larger in the case of ASR, but after 106
cycles of loads, non-ASR case has larger deflection and failed earlier.
Such a qualitative tendency in terms of the fatigue life is experimentally indicated by 
Maeshima et al [19] as well. Figure 11 shows the shape of their RC slab specimens. The slabs 
were cast with reactive gravels, and W/C was set to be 65%. Three different levels of ASR 
expansions are prepared; Case I is no ASR acceleration case, Case II has 41days of ASR 
acceleration (50°C, RH80%, saturated sodium chloride solution is kept on the upper surface
of the slab) and expansion of 2800µ in the vertical and 800µ in the horizontal direction were 
appeared. Case III has environmental conditions of 87 days in 5% sodium chloride solutions 
and 59 days of ASR acceleration. Expansive strains of Case III reached 4900µ in the vertical 
and 700µ in the horizontal directions. Moving load was applied to those slab specimens by 
using the wheel-type fatigue loading machine. Only in Case III, water was supplied on the 
slabs during loading to see the effect of water on fatigue life. 
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Figure 11: experimented RC bridge slab [19] 
Figure 12: experimented RC bridge slab [19]
Figure 12 shows the results of Maeshima’s experiments [19] and the results are similar to 
the analytical ones as shown in Figure 10. Though the live load deflection at the first cycle in 
ASR case (Case II) is larger than no-ASR case (Case I), fatigue life is 1 order longer in the 
ASR case than non-ASR. It was mentioned that chemical pre-stress can partly restrain the 
increase in live load deflections. From these analytical and experimental studies, it can be 
suggested that ASR has not necessarily negative effect on the structural performance of RC 
slabs, although the critical impacts to the structural performances have been reported such as 
rupture of bent reinforcing bars [20].  
Fatigue life of Case III seems to be shorter than Case II as shown in Figure 12. In Case III, 
water was supplied on the slabs and it is known that condensed water can reduce the fatigue 
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life dramatically [8]. In future, the effects of other factors rather than ASR expansion, i.e. 
liquid water, concrete drying shrinkage, etc. and interacting effects of those factors should be 
investigated to predict the fatigue behaviors of concrete based bridge decks suffered by 
complex deteriorations. The prediction of the future remaining life is critical to steer the asset
management of bridge infrastructures.
4 CONLCUSIONS 
In this study, analytical models for simulating ASR-induced expansion of reinforced 
concrete are verified with uniaxial confinement test. To clarify the stress-induced anisotropy 
of the ASR expansion, additional transverse stresses are applied in the uniaxial test in 
compression. As a result of the experiments, observed are significant behaviors where
expansive strains are restrained not only in longitudinal direction along the main steel bars but 
also in the transverse directions. Such an anisotropic trends can be well-simulated by the 
proposed models and the applicability of the models are examined quantitatively.  
Furthermore, the model is applied for the fatigue life simulations of RC bridge slabs.
Comparing the results of mockup decks with and without ASR-induced expansions, it is 
shown that ASR expansion has not necessarily negative effect on the structural performance 
of RC slabs, but brings about extension of fatigue life. Such tendency is found in the previous 
experimental studies as well.
The scope of this study is limited and a few particular cases have been investigated. Thus, 
so called interactive effects of ASR expansion, liquid water, and concrete shrinkage are to be 
more investigated in both experimental and analytical manner in future. 
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